Objective: Overt hypothyroidism in pregnant women is associated with a lower intelligence quotient in their children. More recently, subtle decreases in maternal thyroid function have also been associated with neurodevelopmental impairment in offspring. We tested the effect of hypothyroxinaemia during early pregnancy on school performance. Design: This was a longitudinal study that included the data of 1196 mother-child pairs from the Amsterdam Born Children and Their Development study. Methods: Maternal serum free thyroxine (T 4 ) and TSH were obtained at a median gestational age of 12.9 (interquartile range: 11.9-14.3) weeks. School performance was assessed at age 5 years and based on scores obtained in arithmetic and language tests from the national monitoring and evaluation system. Poor school performance was defined as a test result !25th percentile and subnormal school performance as a result !50th percentile of the norm population. To estimate the impact of possible non-response bias, we conducted inverse-probability weighted analyses. Results: Maternal hypothyroxinaemia (i.e., a maternal free T 4 in the lowest 10% of distribution) was associated with a 1.61 (95% CI: 1.05-2.47) -fold increased odds of subnormal arithmetic performance after adjustment for confounders (PZ0.03). However, the odds ratio dropped to 1.48 (95% CI: 0.94-2.32) after inverse-probability weighting (PZ0.09). No such relations were found with TSH. Conclusions: Maternal hypothyroxinaemia at the end of the first trimester was associated with reduced performance in an arithmetic test, but not in a language test, in 5-year-old offspring. However, our results should be interpreted carefully because of possible non-response bias.
Introduction
Thyroid hormones are essential for brain development already in the early embryonic phase. The foetal thyroid hormone production does not begin before the second trimester of pregnancy and, therefore, in early pregnancy the developing brain relies entirely on the supply of maternal thyroid hormone (1) .
offspring (3) . At age 7-9 years, children of mothers with clinical hypothyroidism at the 17th week of gestation had a lower intelligence quotient (IQ) as well as lower scores on tests of attention and visuomotor performance compared to age-matched controls born to euthyroid mothers (3) .
A growing body of evidence indicates that developmental delay even occurs in children whose mothers had thyroxine (T 4 ) levels that were slightly lower (but still within the normal range) early in pregnancy (4, 5, 6, 7, 8) , although some studies were negative (9, 10) . However, participants in these studies were followed until the age of 3 using developmental tests like the Bayley Scales of Infant Development (version II), which have a poor prognostic value for future cognitive impairments (11, 12) . Therefore, it is unknown whether these associations persist for life.
Recently, we and others were able to extend these observations to the early school years, when specific cognitive functions are challenged for the first time (13) . In a large, community-based sample of mothers and children, we found that a lower maternal free T 4 concentration at the end of the first trimester was associated with reduced performance in a simple reaction time task at age 5-6 years (14) . Similarly, in the Generation R study, children born to mothers with a maternal free T 4 concentration in the lowest 5% of distribution in early pregnancy exhibited a 4.3-point reduction in nonverbal IQ at age 6 years (15) . However, their verbal IQ was not assessed.
In the present study, we investigated whether maternal free T 4 and thyrotropin (TSH) concentrations at the end of the first trimester of pregnancy were associated with scores on arithmetic and language tests, obtained during the national monitoring and evaluation program at schools, at age 5 years.
Subjects and methods

Population
This study is part of the Amsterdam Born Children and Their Development (ABCD) study, which follows a community-based, multi-ethnic cohort of women and children. The details of the cohort retrieval are described elsewhere (16) . In short, between January 2003 and March 2004, 12 373 pregnant women were invited to participate at their first prenatal visit to an obstetric caregiver. Of the total, 8266 enrolled by returning the pregnancy questionnaire. From this questionnaire, age, ethnicity, BMI, years of education, health status and medication use were retrieved. BMI was based on the self-reported height and weight before pregnancy. Information on hypertension and diabetes mellitus was available from the questionnaire and completed by probabilistic medical record linkage with the Netherlands Perinatal Registry (17) . Maternal depressive symptoms during pregnancy were also measured by self-report in the pregnancy questionnaire, by using the Center for Epidemiologic Studies Depression scale (CES-D) (18, 19) . The CES-D is designed to determine depressive symptomatology in the week previous to the acquisition of the questionnaire and does not aim to identify chronic or clinical depression (18) . In total, 4389 women gave approval for the biomarker study, which involved analysis of free T 4 , TSH and anti-thyroid peroxidase (TPO) antibodies.
When the children turned 5 years, mothers who had initially given permission for follow-up and whose addresses could be retrieved (nZ6161) were asked for permission to obtain information, including school test results, from their children's school. Permission was granted by 3867 mothers.
Children with congenital malformations were excluded, as were children of women who used thyroid inhibitors during their pregnancies (nZ176). School test results were available for 2141 children. Levels of maternal free T 4 and TSH were available for 1196 and 1185 of them respectively. The flow chart of the study sample is shown in Fig. 1 .
The study was approved by the medical ethical committees of the participating hospitals and the Registration Committee of the Health Municipality of Amsterdam. All women gave written informed consent for themselves and their children.
Laboratory analysis
TSH and free T 4 were measured using access immunoanalyser of Beckman Coultier, Inc. (Fullerton, CA, USA). For men and non-pregnant women, the reference range for TSH was 0.34-5.60 mU/l and for free T 4 it was 7.5-21.1 pmol/l. The sensitivity of the TSH assay was 0.1 mU/l and the interassay coefficient of variation was 5.0%. The detection limit of the free T 4 assay was 1.9 pmol/l and the interassay coefficient of variation ranged between 3.1 and 5.0%. Antibodies against TPO were investigated using ELISA ELIZEN TG Ab (E-CK-96, Zentech, Angleur, Belgium). The interassay coefficient of variation was 13.4%. An anti-TPO concentration O80 kU/l was considered positive.
School performance
School performance was based on Central Institute for Test Development (CITO) test results, which are part of the national monitoring and evaluation system for primary school children (aged 4-12 years) in the Netherlands. For 4-to 6-year-old children, CITO offers arithmetic and language tests. The composition of these tests is listed in Table 1 for grades 1 and 2 separately (20) . The number of correct answers is transformed, based on an item response theory-based model, into a skill score depending on the time of testing (halfway or at the end of grade 1 or 2). The skill score is subsequently transformed into a rank score, based on normative data. The rank score ranges from A to E, in which A represents the highest quarter of test performance and E the lowest 10%. B, C and D represent the 26-50, 51-75 and 76-90% of distribution in test scores, respectively. These tests were nationally validated among 1200 children from selected schools, so that all socio-economic classes were equally represented. The skill score increased from 36.94G8.72 halfway grade 1 to 58.24G11.08 at the end of grade 2 for the arithmetic test and from 56.47G8.72 to 73.34G9.28 for the language test (20) . The correlation between skill scores was always O0.70 (20) .
For our study, only the children's most recent rank scores available were provided by the schools.
Statistical analysis
Maternal free T 4 was standardized for the postmenstrual day at which blood sampling occurred, because it declined with 0.028 pmol/l per gestational day (P!0.001). In ten subjects, the gestational day at which their mothers were sampled was not known, and therefore their data were excluded from analyses involving free T 4 . Composition of study sample.
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Multivariable logistic regression analysis was used to test the effects of thyroid hormones across the entire range on poor or subnormal school performance (i.e., a rank score below C or B respectively). Analyses were also conducted using cut-offs for free T 4 and TSH. In line with previous studies, and taking into account the limited number of children with adverse test outcomes, hypothyroxinaemia was defined as a free T 4 level !10th percentile of distribution (!8.06 pmol/l in our sample), and hyperthyrotropinaemia as a TSH level O90th percentile (O2.30 mU/l) (5, 8, 14) .
Confounders were selected a priori, based on the literature (3, 8, 14, 15) , and were included in the regression equation if association (P!0.1) with both predictor and outcome was found. Among the variables listed in Table 2 , this was the case for maternal education, ethnicity, BMI and depressive symptomatology. Maternal age, hypertension, diabetes, smoking, timing of blood sampling, TPO antibody positivity, child gender, gestational age and birth weight were not associated with predictor and outcome and were therefore not included in the regression equation. Analyses were repeated after exclusion of children who were born very preterm (i.e., !32 weeks of gestation) and/or with a very low birth weight (i.e., !1500 g), because neonatal T 4 levels tend to be low in these groups (21, 22) .
Inverse-probability weighting was used to estimate the impact of possible non-response bias. First, the probability of participating in this study was predicted for all children in the cohort using a logistic regression with the characteristics listed in Table 2 as predictors and participation as the outcome. The inverses of these predicted probabilities were then used as sampling weights in Stata 12 (StataCorp, College Station, TX, USA) to perform a weighted logistic regression on the data of the participants with school performance as outcome and maternal thyroid function parameters as predictors.
Results
Maternal and birth characteristics
The characteristics of participants and non-participants are presented in Table 2 . Maternal characteristics associated with non-response were younger age, fewer years of education, non-western ethnicity, depressive symptomatology and later blood sampling. Children who did not participate were born slightly earlier and with a lower birth weight.
Maternal hypothyroxinaemia was associated with a higher BMI, fewer years of education, non-western ethnicity, smoking during pregnancy, hypertension and depressive symptomatology. Furthermore, maternal hypothyroxinaemia was associated with a higher TSH level and with anti-TPO antibody positivity. Table 3 shows the school performance results of the children included in our sample. There were 1016 children who had scores available for both tests, 71 for the arithmetic test only, and 109 for the language test only. The tests were administered at an age of 4.8G0.3 years. Compared to the norm population, for both tests there was an overrepresentation of A scores and an underrepresentation of C, D and E scores. The correlation between the arithmetic and language test rank scores in our sample was 0.60 (Spearman r, P!0.001). The distribution in rank scores differed between hypothyroxinaemic and non-hypothyroxinaemic groups, with hypothyroxinaemia being associated with lower rank scores in both tests. Table 4 presents associations between maternal thyroid function parameters and arithmetic performance. Maternal free T 4 across the entire range was inversely associated with the odds of subnormal arithmetic performance, and this relation became non-significant after 
School test results
Associations
adjustment. Maternal hypothyroxinaemia was associated with an increased odds of subnormal arithmetic performance, and the relation persisted after adjustment. It was also associated with increased odds of poor arithmetic performance, though statistical significance was lost after adjustment. No such relations were found with TSH. Associations between maternal thyroid function parameters and language performance are displayed in Table 5 . Maternal hypothyroxinaemia was associated with increased odds of poor language performance and maternal hyperthyrotropinaemia with decreased odds of subnormal language performance in crude analyses. However, statistical significance was lost after adjustment. The relations found did not change after exclusion of children born very preterm or with a very low birth weight (data not shown). Table 6 presents the results of inverse-probabilityweighted analyses. The association between maternal hypothyroxinaemia and suboptimal arithmetic performance became weaker and, for the adjusted model, lost statistical significance. The estimated odds ratios were 1.76 (95% CI: 1.16-2.67; PZ0.007) for the crude model and 1.48 (95% (95% CI: 0.94-2.32; PZ0.09) for the adjusted model.
Discussion
The main conclusion from our study is that a free T 4 concentration in the lowest 10% of distribution in women at the end of the first trimester of pregnancy was associated with a 1.61 times higher odds of a subnormal (i.e., in the lowest 50% of distribution of the norm population) score on an arithmetic test in their children at age 5. However, caution must be exercised in the interpretation of these findings when considering the results of inverse-probability-weighted analyses where the estimate for the odds ratio dropped to 1.48 and was no longer statistically significant. Although a test score in the subnormal range cannot be considered problematic, in our sample, only 30% of children had a test score below the 50th percentile of the norm population. Therefore, we believe that the associations found could be potentially relevant. Previous studies found that a lower maternal free T 4 concentration during early pregnancy was associated with parent-reported language delay and a reduced score on the Mental Development Index of the Bayley Scales of Infant Development (version II) in offspring until the age of 3 (4, 5, 6, 7, 8) . The Mental Developmental Index of the Bayley test (version II) is a poor predictor of future cognitive impairments (11) , even in term-born children (12) . Recently, it was found among children in their early school years that those born to mothers who were hypothyroxinaemic early in their pregnancies exhibited several neurodevelopmental deficits, such as slower and less consistent reaction times (14) and a reduction in nonverbal IQ (15) . The current data suggest that arithmetic performance obtained during a school test at age 5 may also be reduced after exposure to maternal hypothyroxinaemia at the end of the first trimester.
The current study has several strengths and limitations. The major strengths of our study are the retrieval of a community-based sample of women and children (16) and the use of a school performance estimate that is validated and implemented in the national school surveillance program (20) .
A limitation of our study is the substantial number of children that is lost to follow-up, which is almost inevitable for long-term follow-up studies. Therefore, the question arises as to which extent our findings could be biased by selective response. Compared to the norm population, there was an overrepresentation of A scores and an underrepresentation of C, D and E scores for both tests in our sample. Furthermore, our non-response analysis indicated that participants and non-participants differed in a number of characteristics. To estimate the impact of possible non-response bias, we conducted inverse-probability weighted analyses. All associations became weaker and statistical significance was lost for some.
Although crude analyses yielded similar results for both tests, the association between maternal hypothyroxinaemia and subnormal arithmetic performance persisted, although it became weaker, while the relation with poor language test score disappeared after statistical correction. In comparison to task performance, language development of young children is probably more dependent on family factors such as socioeconomic status and maternal responsiveness (23, 24) . If maternal hypothyroxinaemia is associated with socio economic status, or its indicators 
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Clinical Study A M E Noten and others School performance after hypothyroxinaemia 173:5 (Table 2) , and this in turn with language test score, it would explain why the relation between hypothyroxinaemia and poor language test score disappeared after statistical correction for the family background. Another explanation for the lack of association with language test score is that there is evidence for a spatiotemporal effect of free T 4 on early brain development (25) . According to the constructs of Zoeller and Rovet, language and verbal development are more dependent on the early-postnatal, rather than on the prenatal, supply of free T 4 (25) , although in the Generation R study, correlations between first-trimester maternal hypothyroxinaemia !5th percentile and expressive language delay in offspring at ages 18 and 30 months were demonstrated (8) .
Our present results show that previous observations in the ABCD study linking lower free T 4 levels in women early in their pregnancies to slower speed of information processing and lower stability in task performance in their children (14) , could possibly be extended with school performance. In adults, these components were strong predictors of performance intelligence (26) ; thus, of the capacity in dealing with nonverbal, mostly mathematical skills. It remains questionable whether screening for thyroid function abnormalities during pregnancy is effective. Thus far, only one randomized controlled trial on maternal screening and subsequent treatment for mild thyroid dysfunction in early pregnancy have been conducted (27) . Levothyroxine was started, on average, at 13 weeks and 3 days of gestation. At 3 years of age, no difference in IQ score was found between treated and untreated children. However, initiation of levothyroxine might have been too late to improve outcome. An alternative explanation for this negative finding is that assessment at age 3 might have been too early to defect a difference in outcome. IQ testing at age 7-10 years is scheduled for the children who participated in this trial (28) .
A potential implication of the current study is that early referral of children whose mothers were hypothyroxinaemic early in their pregnancies for help in mathematics might be considered. However, because it is unknown whether the associations found persist, it is too early to make such a recommendation. Moreover, thyroid function tests are not part of the routine work-up in early pregnancy.
In conclusion, in this community-based sample, we found that a maternal free T 4 concentration in the lowest 10% of distribution at the end of the first trimester of pregnancy was associated with an increased odds of subnormal arithmetic performance during a school test in offspring at the age of 5. However, our results should be interpreted carefully, because of possible non-response bias.
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